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Abstract

La dependencia con la temperatura de las bandas de emision de la
nanoperovskita YAIO3:Yb**/Tm?* se ha analizado bajo una excitaciéon de 975 nm
con el objetivo de probar su eficiencia como sensor de temperatura. Entre las
bandas de emision de esta muestra, son de interés aquellas originadas por las
transiciones ‘Fo3— °He y >*Ha— 3Hg, localizadas en 700 y 800 nm
respectivamente. Estas bandas tienen la ventaja de que pertenecen a la
denominada primera ventana biologica del tejido humano, y ademds cumplen las
condiciones Optimas para que exista una redistribucion térmica de la poblacion,
pudiendo ser analizadas mediante la técnica conocida como “Fluorescence

Intensity Ratio (FIR)”.

El estudio de la dependencia con la temperatura de estas bandas se ha
llevado a cabo mediante dos métodos diferentes basados en la ya nombrada
técnica FIR, en un rango de temperaturas comprendido entre temperatura
ambiente y 470 K. En cuanto al primer método, se han usado las areas bajo ambas
bandas de emision; al haber redistribucion térmica de la temperatura, estas bandas
se poblaran de distinta manera en funcion de la temperatura a la que esté sometida
la muestra, de manera que se puede obtener como depende la relacion de
intensidades entre las bandas con la temperatura. El segundo método se basa en el
mismo principio, pero en vez de utilizar las bandas, se analizan las intensidades a

dos longitudes de onda diferentes.

Un pardmetro que caracteriza el rendimiento de nuestro sensor optico es la
sensitividad: ésta se define como la variacion con la temperatura de la variable
medida, que en este caso es la relacion entre las intensidades de las bandas, que
puede ser descrita por la ley de Boltzmann, relativa a su magnitud. Los resultados
obtenidos muestran una mayor sensitividad en el rango biofisico de temperaturas
con el primer método, mientras que, para temperaturas superiores a 340 K, la

sensitividad es mayor con el segundo método.



Mediante la técnica FIR se consigue hacer una calibracion, de manera que,
conocido la relacion entre las intensidades de las bandas, se puede saber la
temperatura a la que estd sometida la muestra, y viceversa. De esta manera, una
vez hecha la calibracion, podemos monitorizar la temperatura de la
nanoperovskita en el rango de temperaturas mencionado anteriormente al ser
calentada con un laser. Utilizando un laser de 975 nm y variando su potencia, se
inducird un cambio de temperatura en la muestra que podrd ser estimado

conociendo la relacion de intensidades entre las bandas bajo estudio.



Aim of this work

The main aim of this work is to study the viability of YAIO3:Yb3+/Tm3+
nanoperovskite as a thermal sensor. In order to achieve this goal, the
characterization of the sample was carried out by means of the FIR technique,
analysing the temperature variation of the emission bands of the mentioned

nanoperovskite.
The specific objectives of this work can be summarized as follows:

<+ To analyze the upconversion mechanism in ytterbium and thulium ions

which act as doping ions in the host matrix.

<+ To analyze the effect of thermalization on the emission spectrum of
thulium ions using the "Fluorescence Intensity Ratio (FIR)" technique, and,

therefore, perform a calibration of the optical sensor.

< To determine the best way to perform the FIR technique depending on the

temperature range in which this work has been developed.

< To estimate the temperature of the sample under different excitation pump
powers by using one of the previous calibration methods, and, therefore, to

be able to control the temperature of the sample with the excitation source.



Chapter I: Introduction

Hoy en dia, ha crecido el interés en los sensores opticos debido a su
alto rendimiento y a las numerosas ventajas que tienen en una gran
cantidad de disciplinas diferentes. En este caso, el principal objetivo
del trabajo se centra en estudiar la posibilidad de utilizar la
nanoperovskita  YAIO3:Yb>*/Tm’* como sensor optico con la
temperatura. Las eleccion de esta matriz y de estos dopantes en base
a sus propiedades, hacen del conjunto un excelente candidato como
sensor, ademds de despertar el interés en el campo de la medicina, ya
que las bandas de emision empleadas en el estudio caen dentro de la

primera ventana bioldgica.

Temperature has always been one of the most important parameters to
consider in a wide variety of scientific disciplines, such as engineering,
astrophysics, chemistry or biology, among others [1,2]. Measuring temperature
and being able to control it, has allowed new approaches to many fields,
especially in medicine, in which the accurate detection and treatment of diseases

is crucial [3.,4]

Nowadays, optical temperature sensors based on the fluorescence intensity
ratio (FIR) technique have attracted attention due to their accuracy and the new
possibilities they allow [5,6]: the FIR technique provides a contactless method to
measure temperature, since it consists on the comparison of two emission. These
optical temperature sensors are composed of a laser as an excitation source, an
optically active material which must be placed at the point of interest and a

spectrometer as an optical detector.



Trivalent rare earths (RE*') present thermally coupled emitting levels,
which means that the relative ion population of the former levels, and so their
corresponding emissions, depend strongly on the temperature changes. This
feature along with the excellent physico-chemical properties of RE** ions make

them suitable as optically active materials [7].

For instance, ytterbium and thulium trivalent ions have been proved to be
good candidates as probes to build this type of sensors due to their thermally
coupled energy levels scheme [8, 9, 10]. Both Yb**and Tm?"show absorption and
emission bands that lie in the near-infrared window, where light penetrates better
in human tissue. Moreover, Yb>* has a great absorption cross section at 975 nm
and transfers energy efficiently to thulium ions. On the other hand, the
upconverted emission bands of thulium are appropriate for optical thermometry,
because these emission bands lie in the first biological window. In the present
work, Yb*"/Tm**"codoped YAIOs3 nanoperovkite was studied in order to check its
viability as temperature probe in the first biological window, taking advantage of
the excellent physical and chemical properties of this matrix such as high
hardness, good structural stability, and large mechanical strength. Moreover, in
comparison with other matrix, YAIO3 nanoperovkite has a low maximum phonon
energy (around 650 cm™ [11,12]), which makes it an excellent candidate as a host

material for lanthanide ions [13, 14].



Chapter II: Theoretical
background

En esta seccion se abordaran los aspectos teoricos en los que se basa
el procedimiento experimental y la obtencion y andalisis de los
resultados de este trabajo. Asi, se presentardn los fundamentos de la
técnica FIR, en torno a la cual gira la mayor parte de este trabajo, lo
que conlleva conocer qué niveles de energia pueden ser empleados, y
se introduciran la sensitividad y la incertidumbre en la temperatura
como pardametros de calidad a la hora de comparar el funcionamiento
de los dos métodos de estimacion de la temperatura, objeto de este
estudio. Asi, con las dos subsecciones que se detallan en este capitulo,
sentaremos las bases a partir de las cuales se podra llevar a cabo el

trabajo propuesto.

2.1. Fluorescence Intensity Ratio technique (FIR)

The FIR technique consists on analysing the changes of the emission
bands of RE*" with temperature. This technique is only applicable to those
transitions in which the energy gap of the energy levels is between 200 cm™ and
2000 cm’, since this is the optimum range for the thermal redistribution of the
population from the lower level to the upper one. If this gap is larger than 2000
cm’!, the thermal energy (approximately kzT) would not be able to promote
electrons to the upper level, being this level extremely low populated. On the
contrary, if the energy gap is lower than 200 cm’!, the emissions from both levels

would overlap, making it difficult to apply this technique [15].



Therefore, the ratio of the intensities depends on the temperature, but it is
not affected by the pump power of the incident source, because the population of

each level is proportional to this pump power.

Under low pump power of excitation, the intensity ratio between the

emitting £> and E3 levels, R, is described by Boltzmann’s law, given by [16]:

I w¥ gshvy ZAE —AE 1)

R = = eKBT = CeKsT
R
Iy  w319:hv,

where kg is the Boltzmann constant, AE = E3— E>is the energy gap between Ej3
and E> thermalized levels, g3 and g are the degeneracies (2J+1) of the levels, w%;
and ¥, are the spontaneous emission rates of the £3 and E> levels to the ground
level (E/), respectively, and hvi is the average photon energy of each band. For the

Tm>" ions the thermalized levels correspond to the *Fs, and *Ha levels (see Fig.

).

If we determine the behaviour of the intensity ratio of two emission bands
with temperature, the data can be fitted to Eq. (1) and parameters C and AE can be

obtained.

Once the calibration is done, the temperature of the sample can be

obtained by solving Eq. (1), obtaining [17]:

—AE
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Fig. 1. Simplified energy level diagram of Tm3+and Yb3+ ions and possible upconversion
mechanism under excitation at 975 nm. Black arrows represent photon excitation, black dashed
curves represent energy transfer paths, black dashed lines arrows represent multiphonon
relaxation processes, and colored arrows the radiative transition processes.
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2.2. Sensitivity and temperature uncertainty

To characterise the performance of an optical temperature sensor, it’s
sensitivity will be considered. The sensitivity S of a certain optical temperature
sensor is defined as the rate in which the measured parameter changes with
temperature. In the particular case of an optical temperature sensor based on the
FIR technique, this parameter is the intensity ratio and the sensitivity is defined as

follows [16]:
S=la 3)

However, in order to establish any comparison between the performance

of different optical temperature sensors, the relative sensitivity, Sk is defined:

1 |dR
Se =7 4)
and if the intensity ratio is characterized by a Boltzmann distribution (Eq. (1))

then the relative sensitivity can be expressed as:

Sr = (523) 5)

Therefore, in systems characterized by a Boltzmann distribution for the
intensity ratio the relative sensitivity of the sensor only depends on the
temperature and the energy gap between the thermally coupled levels. From this
equation it is clear that as the energy gap increases, the relative sensitivity also
does. However, this is true to some extent because a larger energy gap means that
population of the upper level decreases and the emission intensity from this level

is very low.

Moreover, the temperature uncertainty (or temperature resolution) can be

obtained from [17]:

57 = 2R (©6)
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Chapter I11: Methodology
and experimental

procedures

En este capitulo se detallara la metodologia seguida en cada
procedimiento experimental y, posteriormente, se explicaran los
distintos procedimientos experimentales que han permitido llevar a
cabo la calibracion del sensor optico y la monitorizacion de la
temperatura de la muestra, asi como la propia sintesis de la

nanoperovskita.

3.1. Methodology

When analysing the upconverted emission spectra of the
YAIO3:Yb**/Tm>" nanoperovskite, it can be noticed that the upconversion process
is favoured when increasing the temperature of the sample. This can be explained
as the 700 nm and 800 nm emission bands correspond to transitions which involve
thermo-coupled energy levels that allow thermal redistribution of the population.
Therefore, a calibration of the temperature sensor can be performed by
determining the ratio between the aforementioned emission bands. In order to
achieve this goal, the sample will be placed in a tubular furnace to heat the sample
and obtain the corresponding spectra, and, therefore, the ratio as function of the

temperature required for the calibration.

12



Once the calibration has been made, it can be possible to monitor the
temperature of the sample for a given pump power excitation. This will be carried
out by changing the pump power of the excitation source and analyzing the
changes in the sample spectra. As the temperature is known for a given ratio, a
relationship can be stablished between the pump power and the temperature of the

sample.

13



3.2. Experimental procedures

3.2.1. Synthesis of nanoparticles

Nano-crystalline yttrium aluminium perovskite (YAP) of composition
Y0.975Tm0.025Yb0.025A103 (YAP:Yb-Tm from now on) was obtained by the
Pechini citrate sol—gel method in an air atmosphere. Stoichiometric molar ratios of
high-purity precursor salts of Y(NO3)3-4H20 (ALDRICH, 99.9%),
AI(NO3)3:9H20 (ALDRICH, 99.9%), Tm(NO3)3-:5H20 (ALDRICH, 99.9%)
and Yb(NO3)3'5H20 (ALDRICH, 99.9%) materials were mixed and dissolved in
25 ml of 1 M HNO3 and then stirred for three hours at a temperature of 353 K.
Citric acid, with a molar ratio of metal ions to citric acid of 1:2, was later added to
the solution, which was stirred and heated at 363 K until reaching the
transparency of the solution. Afterwards, 4 mg of polyethylene glycol was added
to the solution, helping to create a gel that was annealed at 673 K for six hours in
order to remove the residual nitrates and organic compounds. The resulting
powder sample was finally annealed out at 1473 K for twenty hours. Then, the
sample was given a second thermal treatment at 1823 K for twelve hours. The

outcome obtained is chemically stable.

Powder X-ray diffraction data were collected on a PANalytical X’Pert PRO
diffractometer (Bragg-Brentano geometry) with an X’Celerator detector
employing the Cu Kol radiation (A=1.5405 A) in the angular range 5° < 20 < 80°,
by continuous scanning with a step size of 0.02°, achieving the orthorhombic
phase in the sample as well as the crystallite size around 40 nm reported in
previous works working with the same host material with others lanthanide ions
[11, 18]. In addition, TEM image of the same host matrix undoped and doped
with another lanthanide ion was reported, showing the morphology of such

nanomaterial [19].

14



3.2.2. Optical measurements

The luminescence measurements were performed from room temperature
(RT) up to 470K in a tubular furnace, where a thermocouple was placed to read
the exact temperature of the sample. The excitation of the sample was carried out
with a 975 nm diode laser, which was collimated by a lens (f=75mm) and then
focused with a second lens (=200 mm) placed so that its back focal point is just

in the centre of the furnace, where the sample was located.

It should be noticed that the power density at which the temperature

calibration was made about 8.0 W/cm? in order to avoid the heating of the sample.

The luminescence from the sample was focalized at the tip of an optical
fiber located in the opposite side of the furnace with a 60 mm focal length lens.
Before being focused, the emission was collimated with a lens (=200 mm), and
then filtered with an 800 nm short pass filter. The optical fiber was coupled to a
single grating CCD spectrometer (Andor SR-3031-B CCD Newton DU920N).
The heating of the sample was performed at a rate of 0.83 K/min, from RT to 470
K, and the detection was carried out with a resolution of 0.7 nm and an integration
time of 10 s. This experiment allowed to calibrate the optical sensor with

temperature.

Once the optical sensor was calibrated with temperature, it was possible to
monitor the temperature of the nanoperovskite from RT to 430 K by heating the
sample with the laser excitation source. The excitation intensity at 975 nm was
varied changing the pump power of the laser. The Gaussian beam was focused in
the sample with a 75 mm lens and the waist spot size on the sample (defined as
the 1/¢° radius of the intensity) was 50x50 [Jm?. Then, the emission was focused
on the tip of an optical fiber with a 50 mm focal length lens, previously filtered by
an 800 nm short pass filter and recorded by the same spectrometer used in the

calibration procedure of the optical sensor.

15
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Fig. 2. Experimental set-up used for the temperature calibration. The acronym labels correspond
to LS Laser Source (975 nm), L Lens, S Sample, SP Short Pass Filter, OF Optical Fiber and SM
Spectrometer.
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Chapter 1IV: Results and
discussion

En este capitulo se presentaran y se discutiran los resultados
obtenidos durante el trabajo. En primer lugar, se ha obtenido el
espectro de emision de la muestra. En este espectro se observan las
bandas correspondientes a las transiciones 3F>3; — 3Hs and *Hy—
3 (.

Hs, que se demuestra que son Optimas para ser usadas en la

determinacion de la temperatura.

En cuanto a la calibracion del sensor, los resultados muestran una
sensitividad mayor en el rango biofisico de temperaturas cuando
utilizamos las bandas centradas en 700 nm y 800 nm en la técnica
FIR que cuando utilizamos los intensidades a 690 nm y 815 nm. Sin
embargo, para temperaturas superiores a 340 K, este segundo método
presenta una mayor sensitividad que el primero. Asi, la sensitividad
relativa SR1 alcanza su mdximo de 0.019 K™ para una temperatura de
293 K, mientras que el mdximo de 0.014 K de la sensitividad relativa

SR2 se obtiene para una temperatura de 340 K.

Las incertidumbres de las ratios de intensidades varian desde 1%
(T=300 K) a 4% (T=470 K) para el primer método de calibracion, y
de 2.6% (T=300 K) a 0.6% (T=470) para el segundo método. En
cuanto a la incertidumbre en la temperatura, se obtiene una variacion
de 0.5 K (T=300 K) a 5 K (T=470 K) para el primer método de
calibracion, y de 2 K (T=300 K) a 0.7 K (T=470 K) para el segundo

meétodo.

Por ultimo, se analiza la variacion del espectro de la muestra con la

potencia de bombeo de la fuente de excitacion, de manera que se

17



obtiene una curva que relaciona dicha potencia con la temperatura de

la muestra.

4.1. Upconversion emission

The emission spectrum of the YAP:Yb-Tm nanocrystal at room temperature
excited at 975 nm is shown in Fig. 3. The emission bands centered at 475, 650,
700 and 800 nm are assigned to the 'Gs — *Hg, 'Gs — 3F4, F23 — *He and *Ha—
3Hp transitions, respectively. As it is known, in systems codoped with Yb**-Tm?",
the 'Ga level of the thulium is populated by an upconversion process of three
photons, and the Ha level is populated by an upconversion process of two photons
[20]. This upconversion mechanism is depicted in Fig. 1. The Yb** ions absorb
laser photons as they have a great absorption cross section at 975 nm. Therefore,
one excited Yb** ion excites the ground state of the Tm>" to the *Hs state. Then,
due to its proximity, the *Fa state of the Tm>" ions is populated by multiphonon
relaxation processes. A second energy transfer process from another excited Yb**
ion populates the °F» 3 state of Tm>" ions, which generates the 700 nm emission
band. Moreover, nonradiative relaxation from *F2 3 cause the population of the *Ha4
state of Tm?" ions, resulting in the 800 nm emission band [21]. Finally, a third

transfer from Yb®" to the *Hy state populates the 'Gy level.

The inset of Fig.3, shows the dependence of the upconversion (UC) emission
intensities with the excitation power, being n the number of absorbed photons per
UC emitted photon. As it has been explained, n values close to 2 and 3 are
expected for the 800 and 475 nm emission bands respectively, but as can be seen
in Fig. 3 lower values were obtained [22]. This fact could be related to saturation

effects of the Yb*" and the first excited state of Tm>* [23].
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Fig. 3. Room-temperature upconversion emission spectrum of the YAP:Yb-Tm
nanocrystals obtained under a pump power of 80 mW at 975 nm. The inset shows the
dependence of the upconversion emission with the excitation power in a logarithmic

scale.

The emission bands at 700 nm (*F2;3— *Hg) and 800 nm (*Hs— *Hp) are
proved to be appropriate for optical temperature sensing, because F23 and *Ha
energy levels are thermally coupled [24]. Fig. 4 shows the 700 and 800 nm
emission bands for two different temperatures. It can be seen that the intensity of
the 700 nm emission band increases with temperature, while the 800 nm emission
band remains quite constant with temperature. This fact is due to the thermally

population described before.
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Fig. 4. Luminescence spectra for two different temperatures under 975 nm diode laser

excitation. The arrows show the peaks used in the second method of the FIR technique:

690 and 815 nm respectively.
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4.2. Calibration methods

In this section, two different calibration procedures based in the FIR

technique were considered.

The first one consists on the determination of the emission intensities by
the integration of each band. The ratio of these bands (R1) is described by the
Boltzmann distribution according to Eq. (1) and it is shown in Fig 5. Fitting the
experimental ratios to an exponential function, the values C= 1.94 and AE=1173
cm’! have been obtained. The relative sensitivity Sk; was calculated according to
Eq. (5), being 0.019 K'! the maximum value of this magnitude at 293 K (see Fig.
5). Sri is related to intensity ratios modelled by Eq.(1) and is given by AE/KTZ.
The YAP produce a high splitting among the °*F,3 and *Hs levels and

consequently a high value for the relative thermal sensitivity.

0’20 | | ' | ' | ' I ' | ' | ! | ' | ! | ! |
R,=1,94*Exp(-1172,76/(0.695T)) (@),
o 0151 R=2580*Exp(-1620,75/(0.695*T)+0.011 y
= i
T o010 i
o |
0,05+ .
900 —4/—m———V—W—FH—H+—~+—+——+—+—+—+—+—+—+—+—+—
L (b)-
0,016 | .
e
é 0,012 | .
CDD: _SR’I
—s
0,008 | R2 .
| | | | | | 1 | | | | 1 | | | 1 | |

300 320 340 360 380 400 420 440 460 480
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Fig. 5. Fluorescence intensity ratios (a) and relative sensitivities (b) for the two calibration methods as
function of the temperature in the range of 298-470 K.
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Other works have explored the possibility to predict the calibration curve
in this first calibration using other methods [25]. Assuming that for a low enough
excitation pump power there is no laser heating effect and the temperature of the
sample is To. Then when the sample is heated the temperature can be obtained

using Eq.(1) by [25]:

1_1_ Kp, (R
T T, topn (Ro) (7)

As it can be seen, it is not necessary to know the value of the constant C to
determine the absolute temperature. However, the value of AE needs to be
calculated, as example, using the absorption spectra. This energy gap between the
thermalized energy levels can be estimated from the spectral positions of the
centroids of the absorption bands corresponding to the transitions between the
thermalized energy levels. In this way a value of 1776 cm™ has been obtained and
it is not in very good agreement with the value of 1173 cm™ (obtained from fitting
procedure). This discrepancy can be explained in basis to the Stark sub-levels that
are observed in each band. In other previous works have been also different
concordances among the AE values obtained from the absorption bands or from

the fitting procedure (see Table 2 in Ref. [26]).

Concerning the second calibration procedure, the ratio of two spectra
recorded at low and high temperatures was obtained and it is shown in Fig. 6. It
can be seen that the maximum and minimum rates were found at about 690 and
815 nm, and so these wavelengths were selected to study their intensity ratio
versus temperature. The ratio (R2) calculated by this method can be described

according to the Boltzmann’s law plus a constant (D) as it is shown in Fig. 5.

The use of an additional constant in Eq. (1) for this second method is
justified considering that at 690 nm, there is a little contribution of the emission

centered at 650 nm. Therefore, in order to improve this effect, the constant D was

added (see Ref. [17]).
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From this calibration procedure, the values C=25.80 and AE=1621 cm’!
and the additional constant D=0.0112 have been obtained. The relative sensitivity

Sk> reaches a maximum value of 0.014 K! at 340 K (see Fig. 5).

According to Fig. 5, the first calibration procedure is better in the range
between RT up to 340 K, while the second one is better in the range between 340
and 470 K.

In Table 1, a comparison of the values of the relative sensitivity obtained
for other nanocrystals doped with rare earth ions is presented. From this table and
the relative sensitivities shown in Fig. 5b, it can be concluded that YAP:Yb-Tm
reaches a maximum value of the relative sensitivity in the physiological range

which is higher than the values obtained in other rare earth doped nanocrystals.

As can be seen in Fig. 5b, a combination of the two calibration methods R
and R» leads to a relative sensitivity larger than 102 K'! in the range between 340

and 470 K.

The intensity ratios and temperature uncertainties were estimated for both
calibration methods by using the procedure described in Ref. [17]. The intensity
ratio uncertainties range from 1% (T=300 K) to 4% (T=470 K) for the calibration
1 and from 2.6% (T=300 K) to 0.6% (T=470) for the calibration 2.

Respect to temperature uncertainties, we have evaluated Eq. (6) obtaining
values ranging from 0.5 K (T=300 K) to 5 K (T=470 K) for the calibration 1. On
the other hand, for the calibration 2 the uncertainties vary from 2 K (T=300 K) to
0.7 K (T=470 K).

We can conclude that if we combine both combination procedures the
temperature uncertainty can be kept below 1 K in all the temperature range (300-

470 K).
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It can be seen in Fig. 5a, that small oscillations appear in R2 as compared
with R1. These small oscillations can be produced by peaks shifts or splitting of
energy sublevels that change with the temperature. Nevertheless, the values of

these oscillations are in the range of the uncertainties previously estimated.

1(298K)/I(470K)

0,0 i L | L 1 L | 2
650 700 750 800 850

Wavelength (nm)

Fig. 6. Ratio of upconversion spectra obtained at two different temperatures (298 and 470 K). The
wavelengths used for the second calibration method R2 are marked with arrows.
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Table 1. Maximum relative sensitivity for different RE3* temperature optical

sensors in the physiological range

A range (nm)

Maximum Skez within

Upper Lower the physiological range
Temp. AExe
Optical sensor (303-318 K) Ref.
range (K) (nm)
energy energy
(x103 K'Y

level level

YAP:Yb-Tm (nano)  675-725 750-825  298-470 975 18 (Ry) This
work

690 815 298-470 975 14 (R2)
YAP:Tm (nano) 792-800 800-803  294-324 1210 10 [8]
Na2Y2B207Z
Er¥/Yb3* nano- 510-536 538-572  300-613 980 8.3 [20]
phosphor
CaMoO4: Er*'/Yb’*

517-542 543-578  300-535 980 5.9 [21]
nano-phosphor
CaF,: Tm/Yb (nano)  785-795 795-805  299-323 920 2.4 [22]
LiNdP401; (nano) 880-890 890-920  250-500 808 23 [23]
NaYF4: Nd (nano) 860-864 865-880  273-423 830 1.3 [24]
YAG: Nd (nano) 935-941 943-950  283-343 808 1.2 [25]
LaF3: Nd (nano) 855-874 875-890  283-333 808 1 [26]
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4.3. Laser heating

The previous calibration processes have been made by exciting the sample
with a low pump power in order to do not heat the sample. It must be taken into
account that nonradiative processes that involve emission phonons can produce
heating of the matrix. In some experiments, however, it is interesting to control
the temperature of the sample by changing the excitation pump power. Therefore,
the upconversion emission spectra for excitation at 975 nm and different powers
were recorded and the temperature of the sample was estimated using the

calibration method Ro.

Considering the experimental conditions detailed in the experimental
section, the sample absorbed around 50% of the 186 mW excitation power,

achieving a temperature around 430 K.

In Fig. 7 both the measurements of the ratio of intensities for different
values of the laser power and the inferred temperature values are presented in the
heating and cooling processes. It can be seen that a good agreement in the values
has been obtained for both procedures. Thus, with this technique the sample

temperature can be properly monitored in the range from 300 to 430 K.
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Fig. 7. Intensities ratios (a) and temperature induced (b) obtained by R1 and R2 methods
on the sample by the laser heating as a function of the pump power. Both heating and

cooling processes are shown.
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Chapter V: Conclusions
and future projects

The thermal sensing capability of the YAP:Yb-Tm was studied in order to

check its viability as an optical temperature sensor.

Two different calibration procedures based in the FIR technique were
carried out, resulting in two different relative sensitivities: Sri reaches a
maximum value of 0.019 K at the lowest temperature, while Sr» reaches a
maximum value of 0.014 K™ at 340 K. The conventional FIR technique (R1) has
its better sensitivity in the range from RT to 340 K, and the second method here
proposed (R2) performs better from 340 to 470 K. If a combination of both
methods is used, the relative sensitivity will stay above 102 K in the whole

temperature range.

In addition, the laser induced heating effect in YAP:Yb-Tm has been
studied, and the temperature of the sample has been estimated in the heating and
cooling process, obtaining a good agreement between them. These features
confirm the potential utility of YAP:Yb-Tm as an optical thermal sensor for

biological applications.
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Appendix

In this section it will be attached the uncorrected proof copy of the article
“Nanoperovskite doped with Yb*" and Tm?** ions used as an optical upconversion
temperature sensor” recently published in Optical Materials in pages 187-191 of
the volume 83 (https://doi.org/10.1016/j.optmat.2018.06.009).
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ARTICLE INFO ABSTRACT

Keywords: The temperature variation of the emission bands of the YAlO;:Yb®*/Tm3* nanoperovskite has been analysed
Nanoperovskite under 975nm excitation to test its performance as a temperature sensor. The emission bands, originating from
Upconversion F,5 °Hgand °H, °H, transitions, are located at 700 and 800 nm respectively (first biological window of the

Thermal sensor

. - human tissue), and were measured from room temperature until 470K. The calibration of the optical sensor has
Relative sensitivity

been made by two different methods. In the first one, based on the fluorescence intensity ratio technique, the ar-
eas under the two emission bands were used. In the second procedure the ratio of the intensities at two different
wavelengths is estimated. The results showed a higher sensitivity in the biophysical temperature range for the
fluorescence intensity ratio method, while a better sensitivity was obtained with the second method for temper-
atures above 340K. Once the calibration is made, it is possible to monitor the temperature of the nanoperovskite

in the aforementioned range while the sample is heated with the laser.

1. Introduction

Temperature has always been one of the most and important para-
meters to consider in a wide variety of scientific disciplines, such as en-
gineering, astrophysics, chemistry or biology, among others [1,2]. Mea-
suring temperature and being able to control it, has allowed new ap-
proaches to many fields, especially in medicine, in which the accurate
detection and treatment of diseases is crucial [3,4].

Nowadays, optical temperature sensors based on the fluorescence in-
tensity ratio (FIR) technique have attracted attention due to their accu-
racy and the new possibilities they allow [5,6]: the FIR technique pro-
vides a contactless method to measure temperature, since it consists on
the comparison of two emission. These optical temperature sensors are
composed of a laser as an excitation source, an optically active material
which must be placed at the point of interest and a spectrometer as an
optical detector.

Trivalent rare earths (RE3*) present thermally coupled emitting lev-
els, which means that the relative ion population of the former levels,
and so their corresponding emissions, depend strongly on the tempera-

ture changes. This feature along with the excellent physico-chemical
properties of RE3* ions make them suitable as optically active materials
[71.

For instance, ytterbium and thulium trivalent ions have been proved
to be good candidates as probes to build this type of sensors due to
their thermally coupled energy levels scheme [8 10]. Both Yb%*and
Tm?* show absorption and emission bands that lie in the near-infrared
window, where light penetrates better in human tissue. Moreover, Yb3*
has a great absorption cross section at 975nm and transfers energy ef-
ficiently to thulium ions. On the other hand, the upconverted emis-
sion bands of thulium are appropriate for optical thermometry, because
these emission bands lie in the first biological window. In the present
work, Yb®*+/Tm?3* ~codoped YAIO; nanoperovkite was studied in order
to check its viability as temperature probe in the first biological win-
dow, taking advantage of the excellent physical and chemical properties
of this matrix such as high hardness, good structural stability, and large
mechanical strength. Moreover, in comparison with other matrix, YAIO5
nanoperovkite has a low maximum phonon energy (around 650cm~!
[11,12]), which makes it an excellent candidate as a host material for
lanthanide ions [13,14].
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2. Theoretical background
2.1. Fluorescence intensity ratio technique (FIR)

The FIR technique consists on analysing the changes of the emission
bands of RE3* with temperature. This technique is only applicable to
those transitions in which the energy gap of the energy levels is between
200cm~! and 2000 cm ™1, since this is the optimum range for the ther-
mal redistribution of the population from the lower level to the upper
one. If this gap is larger than 2000cm 1, the thermal energy (approxi-
mately kzT) would not be able to promote electrons to the upper level,
being this level extremely low populated. On the contrary, if the energy
gap is lower than 200 cm ™1, the emissions from both levels would over-
lap, making it difficult to apply this technique [15].

Therefore, the ratio of the intensities depends on the temperature,
but it is not affected by the pump power of the incident source, because
the population of each level is proportional to this pump power.

Under low pump power of excitation, the intensity ratio between the
emitting E, and E; levels, R, is described by Boltzmann s law, given by
Ref. [16]:

-AF -AFE
e Kgr _ Ce Kpr

R
_ 131 _ w31g3hv3

R=
I

(€8]
a)g1 ghv,
where kg is the Boltzmann constant, E = Es
between E; and E, thermalized levels, g; and g, are the degeneracies
(2J + 1) of the levels, CU? | and X are the spontaneous emission rates of
the E; and E, levels to the ground level (E;), respectively, and h ; is the
average photon energy of each band. For the Tm®™ ions the thermalized
levels correspond to the 3F; , and *H, levels (see Fig. 1).

If we determine the behaviour of the intensity ratio of two emission
bands with temperature, the data can be fitted to Eq. (1) and parameters
Cand E can be obtained.

E, is the energy gap

25 —
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Fig. 1. Simplified energy level diagram of Tm>*and Yb®" ions and possible upconversion
mechanism under excitation at 975nm. Black arrows represent photon excitation, black
dashed curves represent energy transfer paths, black dashed lines arrows represent multi-
phonon relaxation processes, and colored arrows the radiative transition processes.
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Once the calibration is done, the temperature of the sample can be
obtained by solving Eq. (1), obtaining [17]:

—AE
T=|——"71% @
Kpin <£>
B C
2.2. Sensitivity

To characterise the performance of an optical temperature sensor,
it s sensitivity will be considered. The sensitivity S of a certain optical
temperature sensor is defined as the rate in which the measured pa-
rameter changes with temperature. In the particular case of an optical
temperature sensor based on the FIR technique, this parameter is the in-
tensity ratio and the sensitivity is defined as follows [16]:

_|dR

S =
dTr

3

However, in order to establish any comparison between the perfor-
mance of different optical temperature sensors, the relative sensitivity,
Sg is defined:

1 [dR
N 4
R= R \ar (€]

and if the intensity ratio is characterized by a Boltzmann distribution
(Eq. (1)) then the relative sensitivity can be expressed as:

5 — < AE )
R —KBT2 )

Therefore, in systems characterized by a Boltzmann distribution for
the intensity ratio the relative sensitivity of the sensor only depends on
the temperature and the energy gap between the thermally coupled lev-
els. From this equation it is clear that as the energy gap increases, the
relative sensitivity also does. However, this is true to some extent be-
cause a larger energy gap means that population of the upper level de-
creases and the emission intensity from this level is very low. More-
over, the temperature uncertainty (or temperature resolution) can be
obtained from Ref. [17]:

OR

5T = 2%
SgR ©

3. Experimental
3.1. Synthesis of nanoparticles
Nano-crystalline yttrium aluminum perovskite (YAP) of composi-

tion Y0.975Tm0.025Yb0.025A103 (YAP:Yb-Tm from now on) was ob-
tained by the Pechini citrate sol gel method in an air atmosphere. Stoi-

L OF SM

Fig. 2. Experimental set-up used for the temperature calibration. The acronym labels correspond to LS Laser Source (975nm), L Lens, S Sample, SP Short Pass Filter, OF Optical Fiber and

SM Spectrometer.
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chiometric molar ratios of high-purity precursor salts of Y(NO3)3 4H20
(ALDRICH, 99.9%),  Al(NO3)3 9H20 (ALDRICH, 99.9%),
Tm(NO3)3 5H20 (ALDRICH, 99.9%) and Yb(NOj); 5H,0 (ALDRICH,
99.9%) materials were mixed and dissolved in 25ml of 1M HNO3 and
then stirred for three hours at a temperature of 353K. Citric acid, with
a molar ratio of metal ions to citric acid of 1:2, was later added to the
solution, which was stirred and heated at 363K until reaching the trans-
parency of the solution. Afterwards, 4mg of polyethylene glycol was
added to the solution, helping to create a gel that was annealed at 673K
for six hours in order to remove the residual nitrates and organic com-
pounds. The resulting powder sample was finally annealed out at 1473 K
for twenty hours. Then, the sample was given a second thermal treat-
ment at 1823K for twelve hours. The outcome obtained is chemically
stable.

Powder X-ray diffraction data were collected on a PANalytical X'Pert
PRO diffractometer (Bragg-Brentano geometry) with an X'Celerator de-
tector employing the Cu K 1 radiation ( =1.5405 ) in the angular
range 5 <2 <80, by continuous scanning with a step size of 0.02 ,
achieving the orthorhombic phase in the sample as well as the crys-
tallite size around 40nm reported in previous works working with the
same host material with others lanthanide ions [11,18]. In addition,
TEM image of the same host matrix undoped and doped with another
lanthanide ion was reported, showing the morphology of such nanoma-
terial [19].

3.2. Optical measurements

The luminescence measurements were performed from room tem-
perature (RT) up to 470K in a tubular furnace, where a thermocouple
was placed to read the exact temperature of the sample. The excitation
of the sample was carried out with a 975nm diode laser, which was
collimated by a lens (f = 75mm) and then focused with a second lens
(f = 200mm) placed so that its back focal point is just in the centre of
the furnace, where the sample was located. It should be noticed that
the power density at which the temperature calibration was made about
8.0W/cm? in order to avoid the heating of the sample. The lumines-
cence from the sample was focalized at the tip of an optical fiber located
in the opposite side of the furnace with a 60 mm focal length lens. Before
being focused, the emission was collimated with a lens (f = 200 mm),
and then filtered with an 800nm short pass filter. The optical fiber was
coupled to a single grating CCD spectrometer (Andor SR-3031-B CCD
Newton DU920N). The heating of the sample was performed at a rate
of 0.83K/min, from RT to 470K, and the detection was carried out with
a resolution of 0.7nm and an integration time of 10s. This experiment
allowed to calibrate the optical sensor with temperature.

Once the optical sensor was calibrated with temperature, it was pos-
sible to monitor the temperature of the nanoperovskite from RT to 430K
by heating the sample with the laser excitation source. The excitation
intensity at 975nm was varied changing the pump power of the laser.
The Gaussian beam was focused in the sample with a 75mm lens and
the waist spot size on the sample (defined as the 1/¢? radius of the in-
tensity) was 50 50 m? Then, the emission was focused on the tip of
an optical fiber with a 50 mm focal length lens, previously filtered by an
800nm short pass filter and recorded by the same spectrometer used in
the calibration procedure of the optical sensor.

Optical Materials xxx (2018) xxx-xxx

4. Results and discussion
4.1. Upconversion emission

The emission spectrum of the YAP:Yb-Tm nanocrystal at room tem-
perature excited at 975nm is shown in Fig. 3. The emission bands cen-
tered at 475, 650, 700 and 800nm are assigned to the 'G,  3Hg, 'G,
3F,, %F,3 °Hgand °H, °H, transitions, respectively. As it is known, in
systems codoped with Yb®*-Tm3*, the G, level of the thulium is pop-
ulated by an upconversion process of three photons, and the 3H, level
is populated by an upconversion process of two photons [20]. This up-
conversion mechanism is depicted in Fig. 1. The Yb®* ions absorb laser
photons as they have a great absorption cross section at 975nm. There-
fore, one excited Yb®* ion excites the ground state of the Tm®* to the
SH, state. Then, due to its proximity, the °F, state of the Tm®* ions is
populated by multiphonon relaxation processes. A second energy trans-
fer process from another excited Yb** ion populates the 3F, ; state of
Tm3* ions, which generates the 700nm emission band. Moreover, non-
radiative relaxation from °F, 5 cause the population of the 3H, state of
Tm3* ions, resulting in the 800 nm emission band [21]. Finally, a third
transfer from Yb®* to the 3H, state populates the G, level.

The inset of Fig. 3, shows the dependence of the upconversion (UC)
emission intensities with the excitation power, being n the number of
absorbed photons per UC emitted photon. As it has been explained, n
values close to 2 and 3 are expected for the 800 and 475nm emission
bands respectively, but as can be seen in Fig. 3 lower values were ob-
tained [22]. This fact could be related to saturation effects of the Yb3*
and the first excited state of Tm3+ [23].

The emission bands at 700nm (°F,; °He) and 800nm (*°H, 3Hg)
are proved to be appropriate for optical temperature sensing, because
3F, 5 and *H, energy levels are thermally coupled [24]. Fig. 4 shows the
700 and 800 nm emission bands for two different temperatures. It can be
seen that the intensity of the 700 nm emission band increases with tem-
perature, while the 800nm emission band remains quite constant with
temperature. This fact is due to the thermally population described be-
fore.

4.2. Calibration methods

In this section, two different calibration procedures based in the FIR
technique were considered. The first one consists on the determination

?000 T T T T T T T
f N1
6000+ . | ':/= I 1
1000} n=14 ',/: n=13 |
— I el |
5000 2 s ’ a , R
=5 . {0l o W 475nm |
] = I % n=1,9 @ B00nm |
- 4000} = | g | J
_'2'1 e
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Fig. 3. Room-temperature upconversion emission spectrum of the YAP:Yb-Tm nanocrys-

tals obtained under a pump power of 80 mW at 975nm. The inset shows the dependence
of the upconversion emission with the excitation power in a logarithmic scale.
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Fig. 4. Luminescence spectra for two different temperatures under 975nm diode laser ex-
citation. The arrows show the peaks used in the second method of the FIR technique: 690
and 815nm respectively.

of the emission intensities by the integration of each band. The ratio of
these bands (R;) is described by the Boltzmann distribution according
to Eq. (1) and it is shown in Fig. 5. Fitting the experimental ratios to
an exponential function, the values C=1.94 and E=1173cm™! have
been obtained. The relative sensitivity Sz; was calculated according to
Eq. (5), being 0.019K ™! the maximum value of this magnitude at 293K
(see Fig. 5). Sg; is related to intensity ratios modelled by Eq. (1) and is
given by E/KTZ2 The YAP produce a high splitting among the 3F, ; and
3H, levels and consequently a high value for the relative thermal sensi-
tivity.

Other works have explored the possibility to predict the calibration
curve in this first calibration using other methods [25]. Assuming that
for a low enough excitation pump power there is no laser heating ef-
fect and the temperature of the sample is T,. Then when the sample is
heated the temperature can be obtained using Eq. (1) by Ref. [25]:

l—L+ﬁln £
T T, AE \R, Y 4

As it can be seen, it is not necessary to know the value of the con-
stant C to determine the absolute temperature. However, the value of
E needs to be calculated, as example, using the absorption spectra.
This energy gap between the thermalized energy levels can be estimated
from the spectral positions of the centroids of the absorption bands
corresponding to the transitions between the thermalized energy lev-
els. In this way a value of 1776cm ™! has been obtained and it is not

0I20 . . ; T T T T T T T -
R,=1,94"Exp(-1173/(0.695°T)) °
O 0151 R,=2580"Exp(-1621/(0.695T+0.011 ‘
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Fig. 5. Fluorescence intensity ratios (a) and relative sensitivities (b) for the two calibra-
tion methods as function of the temperature in the range of 300 470K.
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in very good agreement with the value of 1173cm ™! (obtained from fit-
ting procedure). This discrepancy can be explained in basis to the Stark
sub-levels that are observed in each band. In other previous works have
been also different concordances among the E values obtained from
the absorption bands or from the fitting procedure (see Table 2 in Ref.
[26]).

Concerning the second calibration procedure, the ratio of two spec-
tra recorded at low and high temperatures was obtained and it is shown
in Fig. 6. It can be seen that the maximum and minimum rates were
found at about 690 and 815nm, and so these wavelengths were selected
to study their intensity ratio versus temperature. The ratio (R,) calcu-
lated by this method can be described according to the Boltzmann s
law plus a constant (D) as it is shown in Fig. 5. The use of an addi-
tional constant in Eq. (1) for this second method is justified consider-
ing that at 690 nm, there is a little contribution of the emission centered
at 650nm. Therefore, in order to improve this effect, the constant D
was added (see Ref. [17]). From this calibration procedure, the values
C=25.80and E =1621cm~! and the additional constant D = 0.0112
have been obtained. The relative sensitivity Sz, reaches a maximum
value of 0.014K~'at 340K (see Fig. 5). According to Fig. 5, the first cal-
ibration procedure is better in the range between RT up to 340K, while
the second one is better in the range between 340 and 470K. In Table 1,
a comparison of the values of the relative sensitivity obtained for other
nanocrystals doped with rare earth ions is presented. From this table
and the relative sensitivities shown in Fig. 5b, it can be concluded that
YAP:Yb-Tm reaches a maximum value of the relative sensitivity in the
physiological range which is higher than the values obtained in other
rare earth doped nanocrystals. As can be seen in Fig. 5b, a combination
of the two calibration methods R; and R, leads to a relative sensitivity
larger than 10 72K ! in the range between 340 and 470K.

The intensity ratios and temperature uncertainties were estimated
for both calibration methods by using the procedure described in Ref.
[17]. The intensity ratio uncertainties range from 1% (T = 300K) to 4%
(T = 470K) for the calibration 1 and from 2.6% (T = 300K) to 0.6%
(T = 470) for the calibration 2. Respect to temperature uncertainties, we
have evaluated Eq. (6) obtaining values ranging from 0.5K(T = 300K)
to 5K(T = 470K) for the calibration 1. On the other hand, for the
calibration 2 the wuncertainties vary from 2K(T=300K) to
0.7K (T = 470K). We can conclude that if we combine both combination
procedures the temperature uncertainty can be kept below 1K in all the
temperature range (300 470K).

1,6
1.4 '
1.2
1,0
0.8 -

0,6

I(300K)/1(470K)

0,4

0,2

0'0 L L 1
650 700 750 800 850

Wavelength (nm)

Fig. 6. Ratio of upconversion spectra obtained at two different temperatures (300 and
470K). The wavelengths used for the second calibration method R, are marked with ar-
rows.
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Table 1

Optical Materials xxx (2018) xxx-xxx

Maximum relative sensitivity for different RE>* temperature optical sensors in the physiological range

Maximum SREL within the

Optical sensor range (nm) Temp. Exc physiological range Ref.
Upper energy Lower energy range
level level ® (nm) (303 318K) (x1073K ™!
YAP:Yb-Tm (nano) 675 725 750 825 298 470 975 18 (R1) This
work
690 815 298 470 975 14 (R2)
YAP:Tm (nano) 792 800 800 803 294 324 1210 10 [8]
Na2Y2B207: Erd+/Yb3+ 510 536 538 572 300 613 980 8.3 [27]
nanophosphor
CaMoO4: Er®*/Yb®* nano- 517 542 543 578 300 535 980 5.9 [28]
phosphor
CaF2: Tm/Yb (nano) 785 795 795 805 299 323 920 2.4 [29]
LiNdP4012 (nano) 880 890 890 920 250 500 808 2.3 [30]
NaYF4: Nd (nano) 860 864 865 880 273 423 830 1.3 [31]
YAG: Nd (nano) 935 941 943 950 283 343 808 2] [32]
LaF3: Nd (nano) 855 874 875 890 283 333 808 1 [33]

It can be seen in Fig. 5a, that small oscillations appear in R, as com-
pared with R;. These small oscillations can be produced by peaks shifts
or splitting of energy sublevels that change with the temperature. Nev-
ertheless, the values of these oscillations are in the range of the uncer-
tainties previously estimated.

4.3. Laser heating

The previous calibration processes have been made by exciting the
sample with a low pump power in order to do not heat the sample.
It must be taken into account that nonradiative processes that involve
emission phonons can produce heating of the matrix. In some experi-
ments, however, it is interesting to control the temperature of the sam-
ple by changing the excitation pump power. Therefore, the upconver-
sion emission spectra for excitation at 975nm and different powers were
recorded and the temperature of the sample was estimated using the cal-
ibration method R,. Considering the experimental conditions detailed
in the experimental section, the sample absorbed around 50% of the
186mW excitation power, achieving a temperature around 430K. In
Fig. 7 both the measurements of the ratio of intensities for different val-
ues of the laser power and the inferred temperature values are presented
in the heating and cooling processes. It can be seen that a good agree-
ment in the values has been obtained for both procedures. Thus, with
this technique the sample temperature can be properly monitored in the
range from 300 to 430K.

015 @)
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% 040L ™ Ry(Cooling) - ]
- o
0,05 - _— ]
[r—
— 0,00 , , . : . : .
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Fig. 7. Intensities ratios (a) and temperature induced (b) obtained by R, calibration on
the sample by the laser heating as a function of the pump power. Both heating and cooling
processes are shown.

5. Conclusions

The thermal sensing capability of the YAP:Yb-Tm was studied in or-
der to check its viability as an optical temperature sensor. Two differ-
ent calibration procedures based in the FIR technique were carried out,
resulting in two different relative sensitivities: Sg; reaches a maximum
value of 0.019K~!at the lowest temperature, while S, reaches a max-
imum value of 0.014K~'at 340K. The conventional FIR technique (R;)
has its better sensitivity in the range from RT to 340K, and the second
method here proposed (R,) performs better from 340 to 470K. If a com-
bination of both methods is used, the relative sensitivity will stay above
1072K in the whole temperature range. In addition, the laser induced
heating effect in YAP:Yb-Tm has been studied, and the temperature of
the sample has been estimated in the heating and cooling process, ob-
taining a good agreement between them. These features confirm the po-
tential utility of YAP:Yb-Tm as an optical thermal sensor for biological
applications.
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